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Arboviral infections are an important cause of emerging infections due to the movements of humans,
animals, and hematophagous arthropods. Quaranfil virus (QRFV) is an unclassified arbovirus originally
isolated from children with mild febrile illness in Quaranfil, Egypt, in 1953. It has subsequently been isolated
in multiple geographic areas from ticks and birds. We used high-throughput sequencing to classify QRFV as
a novel orthomyxovirus. The genome of this virus is comprised of multiple RNA segments; five were completely
sequenced. Proteins with limited amino acid similarity to conserved domains in polymerase (PA, PB1, and
PB2) and hemagglutinin (HA) genes from known orthomyxoviruses were predicted to be present in four of the
segments. The fifth sequenced segment shared no detectable similarity to any protein and is of uncertain
function. The end-terminal sequences of QRFV are conserved between segments and are different from those
of the known orthomyxovirus genera. QRFV is known to cross-react serologically with two other unclassified
viruses, Johnston Atoll virus (JAV) and Lake Chad virus (LKCV). The complete open reading frames of PB1
and HA were sequenced for JAV, while a fragment of PB1 of LKCV was identified by mass sequencing. QRFV
and JAV PB1 and HA shared 80% and 70% amino acid identity to each other, respectively; the LKCV PB1
fragment shared 83% amino acid identity with the corresponding region of QRFV PB1. Based on phylogenetic
analyses, virion ultrastructural features, and the unique end-terminal sequences identified, we propose that

QRFYV, JAV, and LKCV comprise a novel genus of the family Orthomyxoviridae.

Arboviral infections are an important and emerging cause of
human illness. Recent epidemics of West Nile, chikungunya,
dengue, and yellow fever illustrate the importance of under-
standing the basic virology of arboviruses. Quaranfil virus
(QRFV) is a heretofore-unclassified arbovirus isolated in 1953
from ticks (Argas [Persicargus] arboreus) collected near Cairo,
Egypt, and subsequently passaged in mice and Vero cells. This
tick-derived isolate was determined by serologic methods to be
related to a virus previously cultured from the blood of two
children with mild febrile illnesses in Quaranfil, Egypt (32).
Human serologic studies performed in the 1960s in Egypt
revealed that approximately 8% of the local population had
neutralizing antibodies to this virus, demonstrating that human
infection occurs and raising the question of whether QRFV
might represent an unrecognized cause of viral illness in humans
(32). The extent to which this virus may cause clinical illness in
people is currently unknown; however, multiple strains of QRFV
have been isolated from ticks and seabirds in Egypt, South Africa,
Afghanistan, Nigeria, Kuwait, Iraq, Yemen, and Iran (1, 12, 20,
29, 30). QRFYV is lethal after intracerebral (i.c.) inoculation of
newborn mice (32). One study reported that experimental QRFV
infection of laboratory mice causes a lethal respiratory disease
and meningoencephalitis (4).

Johnston Atoll virus (JAV) was originally isolated from ticks
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(Ornithodoros capensis) collected in 1964 from a Noddy Tern
(Anous stolidus) nest, Sand Island, Johnston Atoll in the cen-
tral Pacific (11). Multiple strains have subsequently been iso-
lated from eastern Australia, New Zealand, and Hawaii (3).
No human disease has been associated with JAV, but it is
lethal to newborn and weanling mice after i.c. injection and to
1- to 2-day-old chicks after subcutaneous inoculation. (11).
Lake Chad virus (LKCV), strain Ib An 38918, was isolated
from a masked weaver bird, Ploceus vitellinus, collected at Lake
Chad, Nigeria, in 1969. LKCV is lethal to newborn mice after
i.c. inoculation, and it was shown to be antigenically related to
QRFV (R. E. Shope, personnel communication).

To date, conventional approaches to characterize QRFV,
JAV, and LKCV have not resulted in a definitive classification
of these viruses. QRFV and JAV are enveloped RNA viruses,
and electron microscopic and serologic studies tentatively sug-
gested a classification in the arenavirus family based on mor-
phological and morphogenetic features of the viruses (38). In
this study, we utilized high-throughput sequencing to identify
genomic sequences from QRFV, JAV, and LKCV. Based on
analysis of the complete sequences of five of these segments
from QRFV and partial sequences from JAV and LKCV,
ultrastructural analysis of infected cell cultures, and serologic
testing, we propose that these viruses define a novel genus in
the family Orthomyxoviridae.

MATERIALS AND METHODS

Virus strains and propagation. QRFV (strain EG T 377, originally isolated
from a tick collected in Afghanistan in 1968) was propagated in Vero cells and
3T12 fibroblasts. JAV (strain LBJ) and LKCV (strain Ib An 38918) were prop-

11599



11600 PRESTI ET AL.

agated in Vero cells. All viruses were obtained from the World Reference Center
for Arboviruses and Emerging Viruses at the University of Texas Medical
Branch (UTMB), Galveston, TX.

Serologic testing. Complement fixation (CF) tests were done by a microtech-
nique (5, 10, 13, 37), using 2 full units of complement. Titers were recorded as the
highest dilutions giving 3+ or 4+ fixation of complement on a scale of 0 (com-
plete hemolysis) to 4+ (no hemolysis). For CF tests, titers of =1:8 were consid-
ered positive. Hemagglutination inhibition (HI) testing was done in microtiter
plates as described previously (5, 10, 13, 37). HI tests were performed with 4
hemagglutination units of virus at the optimal pH (5.75) against serial twofold
antiserum dilutions starting at 1:20. HI titers of =1:20 were considered positive.

Cell culture. Vero cells, 3T12 fibroblasts, HeLa cells, MDCK cells, and C6/36
cells were all obtained initially from the ATCC. Murine embryonic fibroblasts
were prepared as previously described (27). All cells were propagated in Dul-
becco modified Eagle medium supplemented with 10% fetal bovine serum (Hy-
Clone), 1% penicillin-streptomycin (Cellgro), 200 mM L-glutamine (Gibco), and
1% HEPES (Cellgro) (D10 medium). All cultures were maintained at 37°C with
an atmosphere of 5% CO,, except for C6/36 cells, which were maintained at
30°C.

Animal infection and antisera. QRFV-specific antibodies were generated at
Washington University or UTMB in accordance with all federal and university
policies. QRFV-specific antiserum used for cryo-immunoelectron microscopy
was generated in C57BL/6 mice at Washington University. In order to avoid
cross-reactivity with cellular antigens in the infected 3T12 cells, we repeatedly
infected mice with supernatant derived from QRFV-infected Vero cells. Mice
were simultaneously infected by intraperitoneal and intranasal routes with 100 pl
intraperitoneally and 40 pl intranasally (total of ~1,000 50% tissue culture
infective doses [TCIDsg]) of supernatant derived from QRFV-infected Vero
cells, and then boosted by infection every month for 3 months with 100 pl
supernatant intraperitoneally. Antiserum was harvested at 4 months after the
initial infection. This antiserum is capable of neutralizing 1,000 TCIDs, of
QRFV at a dilution of 1:640 and maintains specific signal in enzyme-linked
immunosorbent assays against infected 3T12 lysates at a dilution of 1:1,000.

Hyperimmune ascitic fluid used for serologic testing was prepared in Institute
for Cancer Research (ICR) mice obtained from Harlan Spragure-Dawley (Indi-
anapolis, IN) at UTMB as described previously (37). The immunizing antigens
for antibody production were prepared from brains of newborn mice inoculated
intracerebrally with JAV, LKCV, and QRFV.

Viral growth and titer. The virus titer was determined according to the TCID5,
calculated according to the method of Reed and Muench (28). Six 100-pl rep-
licates of 10-fold dilutions of samples were plated in 96-well plates. 3T12 fibro-
blasts were added at a concentration of 3,000 cells/well in 100 pl. Wells were
scored for cytopathic effect (CPE) at 5 days postinfection. Multistep growth
curves for QRFV were performed by infecting 50,000 cells per well in 1 ml plated
in 24-well plates. Cells were infected with 500 TCIDs, QRFV at 37°C for 2 h, and
then virus was removed and 1 ml D10 medium replaced per well. In order to
perform a time course experiment, infected plates were frozen at —80°C at
various time points postinfection. All plates in a given time course were thawed
and the virus titer determined within the same experiment. Single-step growth
curves for QRFV were performed in 3T12 cells. Cells were plated as described
above but were infected at a multiplicity of infection of 5.

Transmission electron microscopy. For ultrastructural analysis, 3T12 cells
were infected with 0.01 TCIDs, per cell and harvested at 5 days postinfection.
They were fixed in 2% paraformaldehyde-2.5% glutaraldehyde (Polysciences
Inc., Warrington, PA) in 100 mM phosphate buffer, pH 7.2, for 1 h at room
temperature. Samples were washed in phosphate buffer and postfixed in 1%
osmium tetroxide (Polysciences Inc., Warrington, PA) for 1 h. Samples were then
rinsed extensively in distilled water prior to en bloc staining with 1% aqueous
uranyl acetate (Ted Pella Inc., Redding, CA) for 1 h. Following several rinses in
distilled water, samples were dehydrated in a graded series of ethanol solutions
and embedded in Eponate 12 resin (Ted Pella Inc.). Sections of 95 nm were cut
with a Leica Ultracut UCT ultramicrotome (Leica Microsystems Inc., Bannock-
burn, IL), stained with uranyl acetate and lead citrate, and viewed on a JEOL
1200 EX transmission electron microscope (JEOL USA Inc., Peabody, MA).

Cryo-immunoelectron microscopy. For immunolocalization of antiviral anti-
body at the ultrastructural level, cells were infected with 0.01 TCIDs, per cell,
harvested at 5 days postinfection, and fixed in 4% paraformaldehyde-0.05%
glutaraldehyde (Polysciences Inc., Warrington, PA) in 100 mM PIPES-0.5 mM
MgCl,, pH 7.2, for 1 h at 4°C. Samples were then embedded in 10% gelatin and
infiltrated overnight with 2.3 M sucrose-20% polyvinyl pyrrolidone in PIPES
[piperazine-N,N’-bis(2-ethanesulfonic acid)]-MgCl, at 4°C. Samples were
trimmed, frozen in liquid nitrogen, and sectioned with a Leica Ultracut UCT
cryo-ultramicrotome (Leica Microsystems Inc., Bannockburn, IL). Sections of 50
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nm were blocked with 5% fetal bovine serum—5% normal goat serum for 30 min
and subsequently incubated with a 1:500 dilution of mouse anti-QRFV antiserum
for 1 h at room temperature. Sections were then washed in block buffer and
probed with 18-nm colloidal gold-conjugated anti-mouse secondary antibody
(Jackson ImmunoResearch Laboratories, Inc., West Grove PA) for 1 h at room
temperature. Sections were washed in PIPES buffer, rinsed with water, and
stained with 0.3% uranyl acetate-2% polyvinyl alcohol. Samples were viewed
with a JEOL 1200EX transmission electron microscope (JEOL USA Inc., Pea-
body, MA). All labeling experiments were conducted in parallel with controls
omitting the primary antibody. These controls were consistently negative at the
concentration of colloidal gold-conjugated secondary antibodies used in these
studies.

RNA extraction. Total RNA from infected cells was used for shotgun sequenc-
ing by the Sanger method and for reverse transcription-PCR (RT-PCR) and
rapid amplification of cDNA ends (RACE). Briefly, RNA was extracted from
Vero or 3T12 cells that were mock infected or infected with QRFV or JAV using
Trizol (Invitrogen, Carlsbad, CA). The sample was mixed with chloroform (1/5
volume) and centrifuged at 12,000 X g for 15 min at 4°C. The aqueous phase was
transferred, mixed with an equal volume of isopropanol, and centrifuged at
12,000 X g for 15 min at 4°C. The RNA pellet was washed with 70% ethanol and
then dissolved in nuclease-free water. Viral RNA was prepared for 454 sequenc-
ing as follows. 3T12 cells were infected with 0.01 TCIDs/cell and harvested when
75% of the cells demonstrated CPE (~5 to 6 days). The cells and supernatant
were harvested and spun at 1,500 X g for 20 min at 25°C. The supernatant was
then spun at 13,600 X g for 2 h at 4°C. The virus-containing pellet was then
resuspended in 2 ml of DNase I buffer and treated with 1.4 pg/ml DNase I
(Gibco) for 30 min at 37°C. RNA was then prepared using the QIAmp MinElute
virus spin kit (Qiagen).

RT, amplification, and sequencing. Random amplification of the extracted
RNA was performed as described previously (34). Briefly, RNA was reverse
transcribed with primer A (5'-GTTTCCCAGTCACGATAN,), and second-
strand DNA synthesis was carried out with Sequenase (U.S. Biochemical, Cleve-
land, OH). This material was used as the template for 40 cycles of PCR with
primer B (5'-GTTTCCCAGTCACGATA) using the following program: 30 s at
94°C, 30 s at 40°C, 30 s at 50°C, and 60 s at 72°C. The amplified material was
either cloned into pCR4-TOPO and sequenced using Sanger chemistry on an
ABI 3730 X 1 sequencer (Applied Biosystems) or pyrosequenced using a GS
FLX platform (454 Life Sciences; Roche). Sequences were then trimmed to
remove vector and/or primer B sequences. CD-HIT was used to remove redun-
dant sequences, and repetitive sequence was masked using RepeatMasker (www
.repeatmasker.org) to generate a high-quality data set. This data set was then
analyzed using BLASTn and tBLASTx (2). Contigs were then assembled using
Newbler (454 Life Sciences).

Viral segment sequencing. Assembled contigs of PB1 and hemagglutinin (HA)
genes from Sanger sequencing and pyrosequencing were confirmed by RT-PCR
followed by sequencing. Gaps between contigs were closed by designing PCR
primers from the existing contigs. PCR amplicons were cloned into pCR4-TOPO
and sequenced. The ends of each genomic segment were obtained by performing
5" RACE using the 5" RACE system (Invitrogen). 5" RACE was performed using
primers directed at amplifying either the 5’ end of the genome or the antigenome
present as viral mRNA derived from infected cells. Additional segments were
obtained by RT-PCR using the primer GTCCCAGTCACGATCAGCAAATC
ACAAWYCTCT, which contains the terminal conserved sequence identified by
5" RACE analysis as well as additional 5’ sequence to provide a higher melting
temperature for PCR. RT was performed using this gene-specific primer with
either SuperScript IT at 42°C for 50 min or Superscript III at 50°C for 50 min
(Invitrogen), with similar results. PCR with the same primer was performed for
35 cycles using the following program: 30 s at 94°C, 30 s at 55°C, and 120 s at
72°C. Either the entire reaction product or individual gel-purified bands were
cloned into pCR4-TOPO and sequenced.

Phylogenetic analysis. The amino acid sequences for the largest predicted
open reading frames (ORFs) of the QRFV and JAV segments were aligned with
sequences from the NCBI reference genome sequences for influenza A virus
(PB1, NC_007358, NC_04911, NC_007375, NC_007372, and NC_002021; PB2,
YP_308849.1, YP_308855.1, YP_308664.1, NP_859039.1, and NP_040987.1; PA,
YP_308852.1, YP_308846.1, YP_308666.1, NP_859041.1, and NP_040986.1; HA,
NC_007362 [H5], NC_004908 [H9], NC_007374 [H2], NC_007366 [H3], and
NC_002017 [H1]), influenza B virus (PB1, NC_002204; PB2, NP_056658.1; PA,
NP_056659.1; and HA, NC_002207), influenza C virus (PB1, NC_006308; PB2,
YP_089652.1; PA, YP_089654.1; and HA, NC_006310), Thogoto virus (PBI,
NC_006495; PB2, YP_145810.1; PA, YP_145795.1; and HA, NC_006506), and
infectious salmon anemia virus (PB1, NC_006503; PB2, YP_145807.1; PA,
YP_145802.1; and HA, NC_006501). Since no reference genome has been de-
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FIG. 1. Growth and CPE of QRFV. (A) Uninfected 3T12 fibroblasts. (B) QRFV-infected fibroblasts at 5 days postinfection with multiplicity
of infection of 0.01. (C) Multistep growth of QRFYV in several cell types. The data shown are pooled from three independent experiments. Error
bars indicate standard deviations. (D) Single-step growth for QRFV in 3T12 cells. The data shown are from one representative of two independent

experiments.

termined for Dhori virus, its sequence was obtained from the GenBank protein
database (PB1, AAA42968; HA, AAA47907 [PB2 and PA sequences have not
been submitted]). Alignments were performed using ClustalX V1.83 (9) with
default parameters. Phylogenetic trees were constructed using neighbor-joining
methods (9), maximum-parsimony methods using PAUP 4.0 (31), or maximum
likelihood with PhyML (15). Default settings were used for each method, and
1,000 bootstrap repetitions were performed. Trees with the same topology were
generated using all three methods.

Nucleotide sequence accession numbers. Sequences of QRFV (PBI,
FJ861695; HA, FJ861694; PA, GQ499303; PB2, GQ499302; segment 5,
GQ499304), JAV (PBI, FI861697; HA, FJ861696), and LKCV (PB1, FJ861698)
have been deposited in GenBank.

RESULTS

Growth and CPE of QRFV. QRFV has previously been pas-
saged through Vero cells and by transfer through neonatal mice
(4, 32). We passaged it in multiple cell types, including murine
(3T12 or primary embryonic fibroblasts), canine (MDCK), hu-
man (HeLa), primate (Vero), and insect (C6/36) cell lines.
CPE was not observed in infected MDCK, HeLa, or C6/36
cells. Minimal CPE was seen in Vero cells. In contrast, distinc-
tive, plaque-like CPE was seen in the murine fibroblast lines,
initially at 7 days postinfection and then at 3 days postinfection
on passage (Fig. 1B). In an effort to more completely under-
stand the growth features of QRFV, we developed a TCIDs,,

assay, taking advantage of the CPE of QRFV in 3T12 cells.
Multistep growth curves were performed with the cell lines
described above (Fig. 1C). Similar kinetics of growth was seen
in all lines tested, except that no growth was detected in C6/36
cells. We consistently observed a 1- to 1.5-log-lower titer in the
murine cell lines than in HeLa or Vero cells. This ability to
grow in multiple mammalian lines, but not in the mosquito line
C6/36, is consistent with what has been described for tick-
borne orthomyxoviruses, such as Thogoto virus and Araguari
virus (13, 38). Single-step growth curves in 3T12 cells yielded a
replication cycle of approximately 24 to 36 h, slower than that
of the influenza viruses but similar to that of tick-borne ortho-
myxoviruses (7, 13, 38) (Fig. 1D).

Electron microscopic studies of QRFV-infected 3T12 cells.
Electron microscopy was performed on QRFV-infected 3T12
cells at 5 days postinfection, at which time ~75% of the cells
are lysed by CPE. Electron microscopy of conventional ultra-
thin sections of infected, but not uninfected, 3T12 cells re-
vealed pleomorphic virus particles which were approximately
100 nm in size and budding from the cell, similar to those
observed for other orthomyxoviruses (21) (Fig. 2A and B).
Capsid-like particles were seen in the cytoplasm of infected
cells (data not shown). QRFV-specific antiserum was used to
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FIG. 2. Electron microscopy of QRFV. (A and B) Resin-embedded QRFV-infected 3T12 fibroblas

ol

ts at 5 days postinfection. (C) Cryo-

immunoelectron microscopy of uninfected 3T12 fibroblasts labeled with anti-QRFV antibody. (D to F) Cryo-immunoelectron microscopy of
QRFV-infected 3T12 fibroblasts labeled with anti-QRFV antibody. Cy, cytoplasm; Nu, nucleus. Bars, 200 nm.

stain QRFV-infected 3T12 fibroblasts using immunogold la-
beling on ultrathin cryosections, demonstrating that the ortho-
myxovirus-like particles seen by electron microscopy were
QRFV (Fig. 2D to F). Uninfected cells had no virus-like par-
ticles and showed no evidence of staining with QRFV-specific
antiserum (Fig. 2C). Evidence of immunogold-stained virus-
like particles in both the nuclei and cytoplasm of infected cells
was detected, consistent with what is known about the viral life
cycle of orthomyxoviruses (Fig. 2D).

Sequencing of QRFV HA and PB1. Because previous efforts
to characterize QRFV using electron microscopy and serology
had not yielded a definitive classification, we used a mass-
sequencing approach to characterize these viruses. Sequence
from the QRFV genome was obtained by Sanger sequencing
and pyrosequencing of reverse-transcribed and randomly
amplified RNA from infected cell cultures. No similarity to
any known virus was detected at the nucleotide level using
BLASTn (2). However, by translating the assembled se-



VoL. 83, 2009 QRFV, JAV, AND LKCV ARE NOVEL ORTHOMYXOVIRUSES 11603
TABLE 1. Nucleotide and amino acid contents of virus segments
nt/aa
Virus

PB1 PB2 PA HA NP M
Influenza A virus 2,341/757 2,341/759 2,233/716 1,760/566 1,557/498 1,027/252
Influenza B virus 2,368/752 2,313/770 2,204/726 1,882/584 1,841/560 1,191/248
Influenza C virus 2,265/754 2,325/774 2,130/709 1,968/655 1,807/565 1,125/242
Thogoto virus 2,212/710 2,375/769 1,927/622 1,574/512 1,418/454 955/266
Infectious salmon anemia virus 2,185/708 2,169/722 1,787/578 1,323/394 2,046/616 —
QRFV (putative) 2,386/777 2,421/733 2,403/688 1,616/511 900/266”

“ The matrix protein for infectious salmon anemia virus was originally thought to be encoded by segment 7 (966 nt). However, antibodies generated against the
protein predicted by the largest ORF do not react with purified virus, suggesting that segment 7 encodes nonstructural proteins (25).
b Classification of segment 5 is based on size similarity, not structural similarity, to orthomyxovirus matrix proteins.

quences, we identified three sequences of 590, 524, and 225 bp
which had regions with 30 to 45% amino acid identity to the
polymerase gene, PB1, from influenza B virus. In addition, one
assembled sequence of 1,392 bp had two subsequences which
were predicted to encode a protein with 30 to 40% amino acid
identity to viral glycoproteins from baculovirus. This protein
sequence also shared limited identity to the HA glycoprotein
of the thogotoviruses. The QRFV sequences identified were
specific to virus-infected cultures and could not be found in
uninfected 3T12 cells. Elaboration of these QRFV sequences
by RT-PCR and RACE yielded the complete sequences of two
segments of the QRFV genome. One segment (PB1) was 2,386
nucleotides (nt) long, and contained one predicted ORF en-
coding 777 amino acids (aa). The other segment (HA) was
1,616 nt long and contained one predicted ORF encoding 511
aa. These lengths are comparable to those seen in the corre-
sponding genomic segments from orthomyxoviruses (Table 1).
PBI1 is the most conserved of the orthomyxovirus genes, and is
therefore a robust marker for the phylogenetic relationships
among the different genera of the Orthomyxoviridae (22). Phy-
logenetic analysis of PB1 demonstrated that QRFV is highly
divergent from viruses in the other genera of the Orthomyxo-
viridae (Fig. 3A). Phylogenetic analysis of HA gave a similar
pattern of divergence between QRFV and the other ortho-
myxoviruses, although HA from QRFV is more closely related
to the thogotoviruses than to the influenza viruses (Fig. 3B).
QRFV segment terminal sequences. One of the defining
features of the Orthomyxoviridae family is the presence of
highly conserved sequences at the ends of each segment (Table
2). These sequences show partial inverted complementarity
and are thought to be critically important to the binding and
activation of the viral polymerase proteins (6, 16, 33). To ob-
tain the terminal sequences, we performed 5 RACE analysis
targeting both the sense and antisense strands, presumed to be
the viral mRNA and the viral genomic RNA. RACE analysis of
the 5’ ends of the viral genomic RNAs of PB1 and HA seg-
ments of QRFV showed the sequence 5'-AGCAAUCACAA-
(A/U)(U/C)CUCUUUUUL, followed by segment-specific se-
quence. Consistent with this, 3" RACE of this region of QRFV
HA revealed a polyadenylation tract which appeared to start
from this polyuridine tract, consistent with the viral genomic
RNA being antisense. 5’ RACE of the viral mRNA revealed
the following pattern: 9 to 11 nt which were not conserved
among different RACE products (Table 3), then the sequence
5'-AGCAAUCACA(A/U)(U/C)CUCUUU, followed by seg-
ment-specific sequence. Thus, the conserved 3’ sequence at the

end of the viral genome has the sequence 3'UCGUUAGUG
U(U/A)(A/G)GAGAAA, which has partial inverted comple-
mentarity to the 5" end of the viral genome. The presence of 9
to 11 nt of heterogeneous sequence at the 5" end of the mRNA
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FIG. 3. Phylogenetic analysis of the conserved viral proteins. Phy-
logenetic trees were constructed with the sequences for homologous
proteins. (A) PB1; (B) HA; (C) PA; (D) PB2. Trees were generated
using the maximum-parsimony and maximum-likelihood methods with
1,000 bootstrap replicates. The most parsimonious trees are shown.
The numbers at the branches show bootstrap values for both methods
(maximum parsimony, maximum likelihood). FluC, influenza C virus
(C/Ann Arbor/1/50); FluB, influenza B virus (B/Lee/40); Th, Thogoto
virus (SiAr 126); Dh, Dhori virus (Indian/1313/61); Isa, infectious
salmon anemia virus; Quaranfil, QRFV (EG T 377); Johnston Atoll,
JAV (South Pacific strain). For the polymerase sequences, the five
reference strains of influenza A virus (A/Puerto Rico/8/34 [HIN1],
A/New York/392/2004 [H3N2], A/Hong Kong/1073/99 [HIN2],
A/Goose/Guangdong/1/96 [H5N1], and A/Korea/426/68 [H2N2])
grouped closely, and for clarity, only FIuA is indicated.
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TABLE 2. Sequences of segment termini

Sequence
Virus
5 3
Influenza A virus ~ AGUAGAAACAA UCGYUUUCGUCC
Influenza B virus AGUAGWAACAA UCGUCUUCGCKU
Influenza C virus AGCAGUAGCAA UCGUYUUCGUCC
Thogoto virus AGAGAAAUCAA ucGcuuuuuGucc
QRFV AGCAAUCACAA UCGUUAGUGUWR

is consistent with what is seen in the influenza viruses (14) and in
contrast to the case for Thogoto virus (35, 36). Of note, the
conserved terminal sequences seen in QRFV are not the same as
conserved sequence motifs seen at the ends of sequences of any
other genus of orthomyxoviruses (Table 2), suggesting that
QRFV is not a member of any of the known genera of ortho-
MyXoviruses.

Sequencing of additional segments of QRFV. To identify and
obtain the sequences of additional segments of QRFV, we per-
formed RT-PCR using a primer which contained the conserved
sequence present at the end of the putative HA and PBI1 seg-
ments. We consistently obtained four distinct bands of approxi-
mately 2.4 kb, 1.6 kb, 900 bp, and 450 bp which were not amplified
in RNA from uninfected 3T12 cells. Cloning and sequencing of
either these bands or the entire RT-PCR product, followed by
BLAST analysis as described above, resulted in the identification
of three additional segments, consistent with QRFV having at
least five segments in its genome. The largest of the novel viral
segments identified was 2,421 nt long and predicted a single ORF
encoding of 733 aa. Analysis using tBLASTx against either the
entire nucleotide database or the Orthomyxoviridae database
(taxid:11308), did not result in the identification of any sequence
with significant homology using a cutoff E of <le—3. Translation
of the predicted ORF and analysis using the Conserved Domain
Database (CDD) within the BLASTp suite (23, 24) did reveal the
presence of a domain consistent with the Flu PB2 superfamily
(pfam00604), which hit with an E value of 2e—07. The second
segment was 2,403 nt long and predicted one ORF encoding 688
aa and a second smaller ORF downstream of this encoding 76 aa.
Analysis using tBLASTx against either the entire nucleotide da-
tabase or the Orthomyxoviridae database (taxid:11308) did not
result in the identification of any sequence with significant ho-
mology using a cutoff E of <le—3. Translation of the larger ORF
and analysis using CDD identified a putative conserved domain
hit for the Flu_PA superfamily (pfam00603), with an E value of
0.003. Phylogenetic analysis of these two predicted proteins com-
pared to PA and PB2 from the reference sequences from other
orthomyxoviruses confirms the divergence of QRFV from the
known genera (Fig. 3C and D). A fifth segment was also identi-
fied, with a length of 900 nt, predicting a single ORF encoding 266
aa. Analysis using tBLASTXx identified no significant homologs in

TABLE 3. 5" RACE mRNA

mRNA Unique sequence Conserved sequence

HA'1 5S'UUAUCAGCU AGCAAUCACAUC
HA?2 5'"AGAGUCCAUUC AGCAAUCACAUC
PB1 5'"ACAGCGCUCCU AGCAAUCACAAU

J. VIROL.

TABLE 4. Results of HI tests with QRFV, LKCV, JAV, Thogoto
virus, Dhori virus, and Araguari virus

HI result” with antigen from:

Immune ascitic

fluid ORFV LKCV Thggqto D_hmji Argguari

virus virus virus

QRFV 1,280 1,280 10 20 10

JAV® 80 20 0 0 0

LKCV 40 1,280 40 10

Thogoto virus 0 0 =1,280 80 10

Dhori virus 0 0 10 =640

Araguari virus 0 0 10 0 =640

“ Reciprocal of highest antiserum dilution against 4 U of antigen at pH 5.75.
? JAV did not produce an agglutinin at pH 5.75 to 7.0.

either the nucleotide or orthomyxovirus database. No conserved
domains were detected using CDD. No significant features were
identified using Prosite (18, 19).

Serologic studies and sequencing of JAV and LKCV. Sero-
logic analysis of JAV defined a close relationship between this
virus and QRFV (11, 38). The close relationship between
QRFV and JAV was confirmed by CF and HI testing (Tables
4 and 5). Although the HA from QRFV was most similar to the
thogotoviruses, there was only minimal cross-reaction between
these viruses and QRFV by CF and no relationship by HI
testing. An additional unclassified virus, LKCV, is also anti-
genically related to QRFV and JAV (Tables 4 and 5). Electron
microscopy of JAV-infected cells revealed pleomorphic virus-
like particles with striking similarity to those seen in QRFV-
infected cultures (data not shown). To assess whether a similar
relationship exists between these three viruses at the sequence
level, high-throughput sequencing of RNA extracted from
JAV- or LKCV-infected Vero cells was performed. Two con-
tigs that had detectable sequence similarity to known ortho-
myxoviruses and were closely related to the corresponding
QRFV sequences were generated from JAV. One contig of
2,325 bp had 82% amino acid identity to QRFV PBI1. The
second contig was 1,229 bp, and shared 70% amino acid iden-
tity with QRFV HA. These sequences were confirmed by RT-
PCR, cloning, and sequencing. The PB1 sequence contained a
single ORF of 2,313 nt (770 amino acids). The HA sequence
contained a single ORF of 1,092 nt (363 amino acids). The
degree of sequence divergence seen between QRFV and JAV
was similar to that seen between the two species in the genus
Thogotovirus, Thogoto virus and Dhori virus. Phylogenetic

TABLE 5. Results of CF tests with QRFV, LKCV, JAV, Thogoto
virus, Dhori virus, and Araguari virus

CF result® with immune ascitic fluid from:

Antigen Thogoto Dhori  Araguari
QRFV JAV LKCV virgus virus vifus

QRFV 256/32 0 8/8 0 0 0
JAV 0 32/=8 0 0 0 0
LKCV 8/8 0 128/=32 0 0 0
Thogoto virus 0 0 0 32/=8 0 0
Dhori virus 0 0 0 0 64/=4 0
Araguari virus 0 0 0 0 0 32/=8

“ Reciprocal of highest antiserum dilution/reciprocal of highest antigen dilu-
tion. 0 = <8/<8.
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analysis demonstrated that JAV is most closely related to
QRFV (Fig. 3A and B). In further support of this relationship,
5" RACE of the JAV HA viral genome revealed the same
conserved sequence motif at the 5’ end which had been ob-
served in the QRFV HA: 5'-AGCAAUCACAAUCCUCUU
UUUU. Partial sequencing of LKCV yielded a 715-bp frag-
ment which shared 30 to 45% amino acid identity to regions of
influenza B virus PB1, and 83% sequence identity to a region
of QRFV PBI, consistent with its serologic relationship to
QRFV and JAV and placing it as a likely third member of this
viral serogroup.

DISCUSSION

The family Orthomyxoviridae had previously been comprised
of five genera, Influenzavirus A, Influenzavirus B, Influenzavirus
C, Isavirus, and Thogotovirus. Influenza viruses are important
human pathogens, causing yearly outbreaks of respiratory in-
fection and periodic severe epidemics resulting in thousands to
millions of deaths annually (21). The genus Isavirus has only
one member, which causes severe anemia in multiple fish strains
and is a significant commercial problem. The thogotoviruses con-
sist of three viruses: Thogoto virus, Dhori virus, and Araguari
virus. Dhori virus has been reported to cause encephalitis and
viral illness after the accidental infection of five laboratory work-
ers (8). Because of the genetic ability of the orthomyxoviruses
within a given genus to undergo reassortment of their genome
segments, with the resultant emergence of new virus strains, these
viruses pose a continual threat for epidemic outbreaks of disease
in humans, poultry, and livestock.

Phylogenetic and sequence analysis of the complete pre-
dicted ORFs from both QRFV and JAV demonstrated a clear
relationship with members of the family Orthomyxoviridae.
Based on the observed phylogenetic distances, we propose that
QRFV and JAV should be classified into a novel genus in this
family, tentatively named Quarjavirus. This genus designation
is further supported by the unique end-terminal sequence seen
in the sequencing of both QRFV and JAV. Limited sequencing
and serologic analysis support the addition of a third virus,
LKCV, as a third member of this genus. The ultrastructural,
morphological, and serologic studies presented in this paper
further support the classification of these viruses as novel or-
thomyxoviruses.

The genomes of orthomyxoviruses consist of six to eight
segments of negative single-strand RNA. In this study, we have
generated sequence data demonstrating that QRFV and JAV
are multisegmented RNA viruses. We have identified and
completely sequenced five segments from QRFYV, including
four segments which we predict to encode proteins which are
essential to the orthomyxovirus replication machinery: PA,
PB1, PB2, and a glycoprotein sequence which is likely to func-
tion as the viral entry/fusion protein/HA. We have not defin-
itively identified NP or M, nor have we identified any sequence
which shares significant homology with the influenza virus
neuraminidase or nonstructural segments. It is possible that
the fifth segment encodes one of these functions, although no
homology was detected. It is likely that additional segments
exist but were not amplified under the conditions we used. One
potential reason may be that the end-terminal sequence is not
completely conserved among all segments. This has precedent,
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as the 3'-terminal sequence of Thogoto virus segment 6 is not
conserved with the other segments, differing at three nucleo-
tides (17).

The ends of orthomyxovirus segments are characterized by
conserved sequences which show partial reverse complemen-
tarity (14). The conservation of these terminal sequences is
thought to be important to the binding of the viral polymerase
subunit, PB1, and activation of a unique process called cap
snatching, which is enabled by the polymerase subunit, PB2 (6,
16, 33). Priming of viral mRNA synthesis in influenza viruses
occurs by stealing capped fragments of 10 to 13 nt from the
host (these are m’GpppX™-containing RNA fragments de-
rived by cleavage of host cell RNA polymerase II transcripts)
(21). In contrast, while Thogoto virus mRNA is capped, 5’
RACE analysis has determined that Thogoto virus mRNAs do
not contain any significant heterogeneous sequence (35, 36). 5’
RACE of mRNA from QRFV identified 9 to 11 nucleotides
which are heterogeneous among the different RACE products
(Table 3). We hypothesize that this observed heterogeneity
derives from host sequences captured in a cap-snatching pro-
cess more similar to that described for influenza A than to that
described for Thogoto virus.

While QRFV likely shares features of its mRNA synthesis
process with the influenza viruses, it also resembles the thogoto-
viruses in other aspects, including its growth and tropism features.
QRFV and Thogoto virus grow more slowly than the influenza
viruses, with significant virus output at 24 h postinfection (7).
QRFV and JAV, like Thogoto and Dhori viruses, are thought to
be tick borne. Perhaps because of this difference in tropism, the
HA sequence determined for QRFV shares greater sequence
similarity with baculovirus glycoproteins and the HA of thogoto-
viruses, which are also more closely related to the baculovirus
glycoproteins, than to the influenza virus HA proteins (Fig. 3B)
(26). This might also explain why no neuraminidase sequence has
been identified. Thus, QRFYV shares features with both the influ-
enza viruses and the thogotoviruses, further supporting its classi-
fication as a unique orthomyxovirus genus.

QRFV was initially isolated from two children with self-
limited viral illness from the area of Quaranfil, Egypt (32).
Serologic studies in the 1960s indicated that up to 8% of the
local population had been exposed to QRFV (32). Aside
from these studies, the prevalence of QRFV in the human
population has not been assessed, nor has there been exten-
sive effort made to determine the possible contributions of
QRFYV to human disease. The isolation of QRFV, JAV, and
LKCYV from ticks and birds in Africa, Central Asia, and the
Pacific demonstrates that these viruses can be found over a
wide geographic area, so a large fraction of the human
population has potential exposure to this group of viruses.
Classification and sequencing of these viruses are important
first steps to developing assays to determine the extent of
human infection caused by them and to understanding the
basic virology and pathogenesis of these novel orthomyxo-
viruses.
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